Field measurement of gas and odor flux rates from manure surfaces can be assessed using a variety of methods. In all cases, these methods are labor and cost intensive, resulting in a lack of published flux data at a time when the quantification of gas emissions is critical due to the changing federal regulations. This paper presents a method for quantifying gas flux rates from manure in controlled laboratory setting and evaluates three years of ammonia, hydrogen sulfide, total reduced sulfur, and volatile organic compound (VOC) flux measurements using a small scale wind tunnel (micro-tunnel). Analysis of results indicates that ammonia measurements are very repeatable and values are within flux ranges reported in literature. Hydrogen sulfide and total reduced sulfur measurements were less repeatable but also within the ranges reported in literature. VOC flux values were determined in triplicate on one swine manure sample with mixed results on repeatability. Additionally, correlation coefficients and predictive equation for ammonia and hydrogen sulfide were determined. 
INTRODUCTION
Measurement of gas emissions from area sources (manure storages, lagoons, open feedlots, etc.) poses considerable challenges. Several methods are available to conduct field measurements of gas and odor emissions, including micrometeorological techniques, wind tunnels, and flux chambers. There are tradeoffs between accuracy and costs associated with each of these measurement methods. After reviewing methods for determining emissions, the National Research Council's National Academy of Science (2003) recommended use of process-based mathematical models to predict emissions from animal feeding operations. Zhang et al. (2009) provides an overview and summary of several process-based models being developed for this use.
Key to any of these processed-based models is the mass transfer of chemicals from liquid to gas phase. This mass transfer depends on several factors, including the liquid and air concentrations, air temperature, liquid temperature, pH, surface air speed, and mass transfer characteristics of the specific chemical in question (e.g Henry's law constants, mass transfer coefficients). Several researchers have evaluated common mass transfer models (boundary-layer theory and two-film theory) for predicting ammonia (NH 3 ) and hydrogen sulfide (H 2 S) fluxes from liquid manure (Arogo et al., 2003; Liang, et al, 2002; Ni, 1999; Blunden et al, 2008) . It is also generally understood that these models may not accurately predict flux rates as the high solids concentrations and other factors may influence the mass transfer rates as is demonstrated by Arogo et al. (1999a) with H 2 S and Arogo et al. (2003 Arogo et al. ( , 1999a Arogo et al. ( , 1999b with NH 3 . As noted in Zhang et al. (2009) , there is a need to continue to study and document these relationships in order to validate these predictive models.
Researchers at the Department of Bioproducts and Biosystems Engineering, University of Minnesota, in cooperation with others at the Department of Agricultural and Biosystems Engineering, Iowa State University, and with funding by the USDA-CSREES National Research Initiative (NRI), have developed a laboratory method to quantify and compare gas flux from liquid manure using a small scale wind tunnel (Clow, 2007; Schmidt et al., 2007) . This method allows for flux measurements (mass per time per surface area) under a variety of controlled microclimate conditions (air temperature, manure temperature, surface wind speed). This methodology could be used to develop or validate process-based mathematical models for emission estimation or to compare and quantify air pollutant flux resulting from different manure handling systems, manure treatment systems (e.g., aeration, anaerobic digestion, and separation), and modifications This is not a peer-reviewed article. International Symposium on Air Quality and Manure Management for Agriculture CD-Rom Proceedings of the 13-16 September 2010 Conference (DoubleTree Hotel, Dallas Texas) Publication date, 13 September 2010 ASABE Publication Number 711P0510cd
to diet and mitigation techniques. However, more validation of system stability, measurement precision, and measurement accuracy is required.
This paper presents an overview of the sampling protocol, an analysis of system stability and measurement repeatability for NH 3 , H 2 S, Total Reduced Sulfur (TRS) and Volatile Organic Compound (VOC) fluxes.
MATERIALS AND METHODS

General Protocol
Over the past several years the following protocol method has been developed. The materials used and schematic are outlined in detail in Schmidt et al. (2007) . In general, the system is designed to provide a standard method for manure sampling and handling prior to flux determination, constant manure and air temperatures during flux measurement along with carbon filtered and controlled airflow directed across the manure surface. These controlled and continuously monitored conditions allow for a standard means of comparing manure treatments for flux reductions and the verification or determination of mass transfer coefficients and other factors used in the modeling of flux rates.
Prior to testing, manure samples were collected in the field, coarsely screened (Standard Sieve #8) to remove large particles that may interfere with the flux measurement, and placed in a tall 600-ml beaker with no spout to within 1 cm of the brim along with a 5-cm magnetic stir bar. Samples were then loosely covered and refrigerated (4ºC) for a period of 1-3 days followed by incubation (22-25°C) for 18-24 hours. This incubation period allowed for the regeneration of gasses in the manure lost through sample collection and handling
After incubation, the sample beaker was placed on a Barnstead/Thermolyne Super Nuova magnetic stir plate and a micro-tunnel (61 cm x 1.5 cm x 1.5 cm square polished aluminum tubing) placed over the top of the beaker with the 1.4 cm x 2.78 cm opening cut in the tubing placed directly over the manure surface. Rotation of the stir bar was then set to slightly mix the manure sample, typically at rates of 50-100 rpm based on the manure viscosity. This slight mixing was intended to simulate non-stagnant field conditions in manure storages caused by wind, microbial activity, and thermal currents in the manure and eliminate pH and chemical gradients in the manure. During testing, the manure level was raised to the brim of the beaker by displacing the manure with a small cylinder positioned in the beaker. Air sampling lines were then connected to a 5-mm diameter sampling port 5 cm from the end of the micro-tunnel and airflow lines (PTFE 0.95 cm dia.) from the air pump and carbon filtration system connected to the inlet end of the tunnel. Airflow rates were manually set to 2.0 L/min and verified with a bubble flow meter resulting in an average tunnel wind speed of 0.23 m/s. This tunnel flow rate is within the laminar flow range with a Reynolds number of approximately 145.
Gas monitoring was conducted using the equipment outlined in table 1. Analyzers were calibrated weekly. Manure samples were characterized with methods outlined in table 1.
A data logger (21X Micrologger, Campbell Scientific Inc., Logan, UT) was used to acquire data at 1 min intervals from the gas analyzers, and thermocouple probes placed in the micro-tunnel and manure surface (1 mm depth). Data was logged from each manure sample for 20 minutes. The average concentrations from the final 10 minutes of data acquisition were used in the statistical analysis. Data was downloaded to a computer and converted to a Microsoft Excel™ file after each sample run. Tedlar bag samples were collected from minutes 20-25 using a vacuum box. Total Reduced Sulfur concentrations were measured from the tedlar bag.
Flux of NH 3 , H 2 S and TRS were determined using the following equations: (Winegar and Schmidt, 1998) . As such, the reported TRS concentrations are best used for comparative purposes only.
Experiment 1
This study compared duplicate data from 146 liquid manure samples collected from a mix of 76 swine and dairy farms, primarily in Minnesota. Manure samples came from a variety of production stages (e.g. swine nursery, swine finishing, dairy) and manure storage types (e.g. deep pit, earthen basin). Duplicate samples were evaluated for repeatability to show laboratory consistency. Additionally, averages of the duplicate data samples were used to determine correlations between manure characteristics, ambient air conditions, and fluxes.
Experiment 2
In a second experiment, three micro-tunnels with a setup similar to experiment 1, were used to evaluate a single swine manure sample. The primary difference in this setup was the use of zero-air rather than carbon filtration system on the inlet air. In addition to the analysis of H 2 S, NH 3 and TRS sampled in Experiment 1, sample air was also collected on sorbent tubes and analyzed with a thermal desorption system coupled to the gas chromatography and mass spectrometry detection (TD-GC-MS). Details of this VOC sampling methodology can be found in Zhang et al., (2010) . Based on these previous studies, fourteen typical odorous VOCs emitted from swine manure, were selected as target compounds for this investigation (table 4.) Flux of VOCs were estimated using the following equations:
The combined flux equation is
where J VOC = flux of gas (ng s -1 m -2 ) M = total mass of gas emitted in t time span (ng) A = emission area (m -2 ), (0.00039 m -2 ) Q = air flow rate (m 3 s -1 ) C S = measured gas concentration (ng m -3 ) M S = sampling mass of gas emission (ng), which was quantified using GC-MS V S = sampling volume of gas emission (m -3 ) Q S = sampling flow rate of sorbent tube (m 3 s -1 ), set to 70 mL min -1 t S = sampling time for sorbent tube (s), set to 3600 s (1 hr)
RESULTS AND DISCUSSION
Experiment 1 Figure 1 shows a representative 20 minutes of concentration data using the micro-tunnel measurement method. The analyzer lag time for NH 3 is quite obvious in all of the 20-minute testing, hence the protocols use of the final 10 minutes of data in a 20 minute period. The H 2 S analyzer response time is much quicker than the NH 3 analyzer resulting in maximum H 2 S concentrations within the first few minutes of the 20-minute measurement period. This relationship between maximum H 2 S concentration and the final 10 minute average concentration is repeatable with a single manure source but varies quite widely between manure sources (i.e. shape of the curve is different). This phenomenon needs further investigation. For the purposes of this study, both the H 2 S and NH 3 concentrations used for the prediction of flux are the mean concentrations during the final 10 minutes of the 20-minute evaluation. Comparison of two observed fluxes from the same manure sample is shown graphically in figures 2-4. The difference of the paired fluxes was tested to be different than zero using the Student's t distribution (table 3) and resulted in non-significant p-values for the differences, indicating that the difference in the pairs is not significantly different than zero. Based on these results, we are confident that the flux observations are repeatable and that one observation may be sufficient; however, a pair of observations is still recommended. (Gay et al., 2003) . Hydrogen Sulfide flux averaged 88 µg s -1 m -2 and ranged from 0 to 647 µg s -1 m -2 comparing very well with data from Gay et al. (2003) with TRS fluxes between 4 and 809 µg s -1 m 2 for dairy manure sources and between 7 and 50 µg s -1 m -2 from swine manure sources. Table 4 shows the parameter values obtained from the three micro-tunnel systems. As is shown, pH and temperatures were very similar for the triplicates experiments. Residual Standard Deviation (RSD) of VOC flux for different compounds varied from 2.12 to 65.7 %. The RSD of H 2 S and NH 3 fluxes were 36.1% and 47.8%, which were slightly greater than those reported by Schmidt et al. (2007) . This lack of repeatability may have been caused by incomplete mixing in the micro-tunnel. This lack of mixing in laminar flow may be more of an issue with the heavier VOC's but nor as critical with NH 3 or H 2 S. Wang et al. (2001) also found that the apparent poor recoveries of gasses were from an uneven mixing at the sample collection point using a wind-tunnel sampling system. In order to solve this problem, they developed a special sampling chamber extension and a sampling manifold with optimally distributing sampling orifices. Frechen et al. (2004a, b) designed a different structure of wind tunnel, with which the total flow was used for odor emission analysis, alleviating mixing chamber problems. Since this current research was completed, a static mixer was designed and incorporated into the micro-tunnel system.
Data Correlations and Predictive Equations
Using data from experiment 1, a Pearson Correlation Coefficient matrix was developed comparing the manure characteristics and fluxes of NH 3 , H 2 S and TRS (table 5). Only those coefficients that are significant at the p-value > 0.05 are shown. The strongest correlation, as was expected, is between manure TAN concentration and NH 3 flux. An attempt was made to develop predictive models of gas fluxes based on characteristics of the manure and the micro-tunnel sampling conditions using the SAS backwards-elimination stepwise regression techniques. These characteristics, along with the flux, are reported in table 2. Note that several of the constituents had a minimum of zero, which indicates that the observations were below the instrument detection level. Manure samples were considered randomly collected and there was no bias between types of manure and/or any other parameters (e.g. TS, TAN).
Ammonia flux was best predicted using There was no good predictive model for TRS.
It is interesting to note that temperature was not significant for predicting ammonia flux but was a factor in predicting hydrogen sulfide emissions. This is likely due to the fact that there was no sulfur or sulfide measurements taken and that only in the absence of such data does temperature become a factor in H 2 S flux. Conversely, temperature should have been a predictor of flux for ammonia but possibly not within the small range of experimental temperatures.
CONCLUSION
A laboratory scale system that can control environmental parameters (temperatures and airflows) was used to measure NH 3 and H 2 S and TRS fluxes from 147 different liquid manure samples in duplicate. In addition, the system was used to measure VOC fluxes from a single liquid swine manure sample in triplicate. Results indicate that measured flux data collected compares well with flux data reported in literature. Micro-tunnel flux measurements were very repeatable with ammonia but less repeatable with the other gasses measured.
Future work with the micro-tunnel should include additional comparisons with field testing using other test methods (wind tunnel and micro-met methods) and comparison of the micro-tunnel measurements with mass transfer models.
